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D i r e c t  c u r r e n t  and a l so  t h e  microwave 
c h a r a c t e r i s t i c s  o f  o p t i c a l l y  i l l u m i n a t e d  
AlGaAs/GaAs HEMT a re  exper imen ta l l y  measured 
f o r  t h e  f i r s t  t ime  and compared w i t h  t h a t  o f  
GaAs MESFET. The r e s u l t s  showed t h a t  t h e  
average increase i n  t h e  ga in  i s  2.8 dB under 
1.7 mWlcn? o p t i c a l  i n t e n s i t y  a t  0.83 pm. 
Fu r the r ,  t h e  e f f e c t  o f  i l l u m i n a t i o n  on 
S-parameters i s  more pronounced when t h e  
devices a r e  biased c lose  t o  p inch-of f .  Novel 
a p p l i c a t i o n s  o f  o p t i c a l l y  i l l u m i n a t e d  HEMT as 
a v a r i a b l e  ga in  a m p l i f i e r ,  high-speed h igh -  
frequency photo detector ,  and mixer  are 
demonstrated. 
I n t r o d u c t i o n  
Use o f  d i r e c t  o p t i c a l  c o n t r o l  o f  microwave 
semiconductor devices f o r  o p t i c a l  i n j e c t i o n  lock-  
ing,  phase s h i f t i n g ,  and s i g c a l  d i s t r i b u t i o n  has 
t h e  p o t e n t i a l  t o  enhance t h e  performance f f u t u r e  
space borne phased a r ray  antenna systems.P*2 
Prev ious ly ,  severa l  authors have exper imen ta l l y  
i n v e s t i g a t e d  t h e  e f f e c t  o f  l i g h t  on t h e  dc as we l l  
as t h e  microwave c h a r a c t e r i s t i c s  o f  IMPATT diodes 
and GaAs MESFETS.~-~ The i r  i n v e s t i g a t i o n s  show 
t h a t  these changes i n  t h e  c h a r a c t e r i s t i c s  a re  due 
t o  pho toconduc t i v i t y  and p h o t o v o l t a i c  e f f e c t s .  
Fu r the r ,  an a n a l y t i c a l  study, by t h e  authors tak ing  
i n t o  cons ide ra t i on  m a t e r i a l  p r o p e r t i e s  o f  het ro-  
s t r u c t u r e s  showed t h a t  t h e  h e t r o s t r u c t u r e s  have a 
h ighe r  s e n s i t i v i t y  t o  o p t i c a l  i l l u m i n a t i o n .  When 
t h i s  i n v e s t i g a t i o n  was extended t o  microwave device 
s t r u c t u r e s ,  i t  was observed t h a t  t h e  dc character-  
i s t i c s  o f  an AlGaAs/GaAs High E l e c t r o n  M o b i l i t y  
T r a n s i s t o r  (HEMT), when compared t o  t h a t  o f  a GaAs 
MESFET, a re  more s e n s i t i v e  t o  o p t i c a l  i l l u m i n a t i o n  
g r e a t e r  t han  t h e  semiconductor band gap.7 
ex tens i ve  experimental r e s u l t s  which show t h e  sen- 
s i t i v i t y  t o  o p t i c a l  i l l u m i n a t i o n ,  t h a t  i s ,  t h e  
l i g h t  induced vo l tage  and as a consequence t h e  
changes i n  t h e  d r a i n  t o  source c u r r e n t ,  t h e  i n t r i n -  
s i c  transconductance, t h e  s c a t t e r i n q  parameters, 
I n  t h i s  paper, we present  f o r  t h e  f i r s t  t i m e  
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and t h e  q a i n  o f  an AlGaAs/GaAs HEMT. 
f romthe de-embedded HEMT s c a t t e r i n g  parameters, 
t h e  changes i n  t h e  equ iva len t  c i r c u i t  element 
values due t o  o p t i c a l  i l l u m i n a t i o n  a r e  a l s o  
computed. I n  order, t o  compare and c o n t r a s t  t h e  
performance o f  a HEMT w i t h  a MESFET, experiments 
are a l s o  c a r r i e d  o u t  on two d i f f e r e n t  GaAs MESFETs 
and these r e s u l t s  are a l s o  presented here. 
F i n a l l y ,  t h r e e  novel a p p l i c a t i o n s  of o p t i c a l l y  
i l l u m i n a t e d  HEMT as a v a r i a b l e  ga in  a m p l i f i e r ,  
high-speed high-frequency photo de tec to r ,  and 
m ixe r  a r e  demonstrated. 
Fu r the r ,  
Experimental Setup 
A low noise AlGaAs/GaAs High E l e c t r o n  M o b i l i t y  
T r a n s i s t o r  (MPD-H503, Gould Inc.) w i t h  r e c  ssed 
Pi -gate o f  l e n g t h  0.5 pm and w id th  280 
low noise, low power GaAs MESFET (DXL 0503A, Gould 
Inc. )  w i t h  recessed Pi-gate o f  l e n g t h  0.3 urn and 
w i d t h  280 pm, and a medium power GaAs MESFET (RPX 
2322, Raytheon Co.) w i t h  T-gate o f  l e n q t h  o f  0.5 
and w i d t h  500 p m  are used f o r  i n v e s t i g a t i o n .  Fo r  
o p t i c a l  i l l u m i n a t i o n  an AlGaAs/GaAs Laser d iode  
(SL-620 S, O r t e l  Corp.) w i t h  a f i b e r  p i g t a i l ,  which 
operates a t  a wavelength o f  0.83 urn and has a 
d i r e c t  modulat ion bandwidth of 6 GHz i s  used. The 
o p t i c a l  power emi t ted  from t h e  50 p m  multimode 
graded index o p t i c a l  f i b e r  p i q t a i l  as measured 
us ing  a c a l i b r a t e d  d i g i t a l  power meter and a photo- 
sensor (815, Newport Corp.) i s  1.7 mW/cm2. 
t i p  o f  t h e  f i b e r  i s  h e l d  a t  a d i s tance  of 1 mm f rom 
the  device. 
a 
The 
These devices a re  mounted on a 0.375 by  
0.375 in.,  2 5  m i l  t h i c k  alumina c a r r i e r .  The a lu -  
mina c a r r i e r  a l s o  accommodates a p a i r  o f  50 R 
coplanar  waveguides (CPW) which serve as t h e  s ig -  
n a l  i n p u t  and a l s o  ou tpu t  p o r t s .  The dev i ce  ga te  
and d r a i n  pads and t h e  source pad a re  w i r e  bonded 
t o  t h e  CPW cen te r  s t r i p  conductors and t h e  qround 
p lane  r e s p e c t i v e l y .  
i n  a t e s t  f i x t u r e  (Design Techniques, I nc . )  which 
has two 3.5 mm c o a x i a l  connectors f o r  e x t e r n a l  
connection. The t e s t  f i x t u r e  a l so  has p r o v i s i o n  
f o r  ensur inq repeatable pressure con tac t  between 
t h e  te rm ina ls  o f  t h e  CPWs on t h e  c a r r i e r  and t h e  
two 3.5 mm coax ia l  connectors on t h e  f i x t u r e .  A 
CPW c a l i b r a t i o n  k i t  c o n s i s t i n q  of a 50 R throuqh, 
two sho r t  c i r c u i t s ,  and an open c i r c u i t  on s i m i l a r  
alumina c a r r i e r s  are used f o r  c a l i b r a t i n q  t h e  
HP8510 automatic network analyzer and de-embedding 
The c a r r i e r  i s  t hen  mounted 
1 
t h e  dev ice S-parameters. 
e n t i r e  exper imenta l  setup i s  shown i n  F ig .  1. 
A.b lock schematic o f  t h e  
dc Device Charac te r i s t i cs  Under I l l u m i n a t i o n  
L i g h t  Induced Voltage 
The l i g h t  generated vo l tage  V l i t  i s  
obta ined by p l o t t i n g  the measured ga te  c u r r e n t  
I as a f u n c t i o n  o f  the reverse b iased ga te  t o  
s j u r c e  vo l tage  Vgs, and e x t r a p o l a t i n g  t h e  graph 
t i l l  i t  i n t e r s e c t s  the X-axis. The i n t e r s e c t i o n  
p o i n t  i s  read as t h e  l i g h t  generated voltage, which 
f rom Fig.  2(a)  and (b)  f o r  a AlGaAs/GaAs HEMT and 
a GaAs MESFET a re  0.57 and 0.24 V respec t i ve l y .  
D ra in  t o  Source Current, Transconductance, and G a k  
The measured d r a i n  t o  source c u r r e n t  
as a f u n c t i o n  o f  t h e  d ra in  t o  source vo l tage  
w i t h  and w i t h o u t  o p t i c a l  i l l u m i n a t i o n  f o r  an 
AlGaAs/GaAs HEMT and a GaAs MESFET are presented 
i n  F ig .  3 (a )  and ( b )  respect ive ly .  
F igu re  4 presents t h e  measured dc transcon- 
ductance gm f o r  a GaAs MESFET. The gm i s  
considered almost i n s e n s i t i v e  t o  o p t i c a l  i l l u m i n a -  
t i o n  s ince  t h e  maximum change observed i s  l e s s  
than 2 mhos .  
I d s  
vds 
The measured gain w i t h  and w i thou t  o p t i c a l  
i l l u m i n a t i o n  as a func t i on  o f  V f o r  an 
AlGaAs/GaAs HEMT and a GaAs MESFZT a re  presented 
i n  F ig .  5(a)  and (b )  respect ive ly .  As an example, 
f o r  t h e  case o f  a AlGaAs/GaAs HEMT, t h e  ga in  
increases b y  2.5 dB a t  V - 0.95 V and f r e -  
quency equal t o  26.5 GHz %en t h e  i l l u m i n a t i o n  i s  
1.7 mW/cm2. 
Microwave Charac te r i s t i cs  Under I l l u m i n a t i o n  
The S-parameters, namely S11, 522, and S i 2  
are measured as a func t i on  o f  t h e  frequency and 
i l l u m i n a t i o n  (1.7 mW/cm2) w i t h  t h e  devices biased 
c l o s e  t o  s a t u r a t i o n  and a l so  p inch-of f .  These 
b i a s  p o i n t s  o r  operat inq p o i n t s  a re  l abe led  as 
p o i n t s  A and B respec t i ve l y  i n  F ig .  5 (a )  f o r  t h e  
AlGaAs/GaAs HEMT and Fig. 5(b) f o r  t h e  GaAs MESFET. 
The measured S i 1  over t h e  frequency ranqe 
0.045 t o  26.5 GHz f o r  AlGaAs/GaAs HEMT i n  pinch- 
o f f  (V = -0.95 V) cond i t i on  i s  i l l u s t r a t e d  on 
a S m i t a  Chart p l o t  i n  Fig. 6(a). S i m i l a r l y ,  S22 
i s  i l l u s t r a t e d  i n  Fig. 6(b) .  F igu re  6 (c )  i l l u s -  
t r a t e s  512 on a l i n e a r  magnitude p o l a r  p l o t .  
I n  these f i g u r e s  L and D denotes t h a t  t h e  
measurements a re  c a r r i e d  ou t  w i t h  o r  w i thou t  i l l u -  
mination. A s i m i l a r  s e t  o f  measurements have a l s o  
been c a r r i e d  ou t  f o r  GaAs MESFET. 
Thus f rom F ig .  6 i t  i s  observed t h a t  i l l u m i -  
n a t i o n  does a f f e c t  S l l ,  S22, and S12. Besides, 
t h i s  e f f e c t  i s  more pronounced when the  devices 
are biased c l o s e  t o  pinch-off.  
Using t h e  CPW c a l i b r a t i o n  k i t  and t h e  through, 
shor t ,  de lay  (TSD) technique t h e  i n f l u e n c e  o f  t h e  
small  l e n g t h  o f  coplanar waveguide on e i t h e r  s ides 
o f  t h e  c h i p  dev ices and t h e  t e s t  f i x t u r e  c o a x i a l  
connectors a re  e f f e c t i v e l y  removed. The smal l  
s i g n a l  dev ice equ iva len t  c i r c u i t  element values 
a re  nex t  obta ined f rom t h e  de-embeddded dev i ce  
S-parameters us ing  t h e  models i n  Refs. 9 and 10. 
AS an example, F ig .  7 shows an increase i n  t h e  
ga te  and t h e  source capacitances and a decrease i n  
t h e  ga te  t o  d r a i n  feedback capacitance, w i t h  o p t i -  
c a l  i l l u m i n a t i o n .  I n  a d d i t i o n ,  t h e  model a l s o  
shows t h a t  t h e  gate cha rg ing  res i s tance  R 1  and 
t h e  channel r e s i s t a n c e  R o  b o t h  decrease w i t h  
o p t i c a l  i l l u m i n a t i o n .  The e f f e c t  o f  these on t h e  
ft, fmqx, and no ise  f i g u r e  are being f u r t h e r  
i nvest iqated.  
O p t i c a l l y  C o n t r o l l e d  HEMT as a Var iab le  
Gain A m p l i f i e r  
The f e a s i b i l i t y  of us ing  an AlGaAs/GaAs HEMT 
as an o p t i c a l l y  c o n t r o l l e d  v a r i a b l e  g a i n  a m p l i f i e r  
i s  c l e a r l y  ev iden t  f rom t h e  measured S21 maq- 
n i t u d e  and phase c h a r a c t e r i s t i c s  shown i n  
Figs. 8(a)  t o  (d ) .  
pared, show t h a t  t h e  g a i n  increases w i t h  i l l u m i n a -  
t i o n .  F u r t h e r  i t  i s  i n t e r e s t i n g  t o  observe t h a t  
t h e  phase of S21 i s  i n s e n s i t i v e  t o  o p t i c a l  
i l l u m i n a t i o n  as ev ident  f rom Figs.  8 (c )  and (d) .  
F i g u r e  8(a)  and ( b )  when com- 
High Frequency HEMT Photodetector 
An experiment was conducted by i l l u m i n a t i n g  
t h e  HEMT device w i t h  an o p t i c a l  s i g n a l  which had 
been modulated w i t h  a 6 GHz RF s igna l  and observ- 
i n g  t h e  output  on a spectrum analyzer, which i s  
shown i n  F ig .  9(a). 
HEMT O s c i l l a t o r  and HEMT Mixer  w i t h  
O p t i c a l l y  Coupled LO 
The capacitance v a r i a t i o n  o f  HEMT w i t h  i l l u -  
m ina t i on  i s  shown i n  Fiq. 7.  T h i s  can be success- 
f u l l y  e x p l o i t e d  i n  t h e  des ign o f  an i n j e c t i o n  
locked o s c i l l a t o r .  
P re l im ina ry  experiments w i t h  a HEYT as a 
mixer  show t h a t  i t  i s  p o s s i b l e  t o  o p t i c a l l y  couple 
t h e  l o c a l  o s c i l l a t o r  s iqna l .  T h i s  i s  achieved by  
d i r e c t l y  modulat ing a l a s e r  d iode a t  t h e  l o c a l  
o s c i l l a t o r  frequency ( 6  GHz). The l a s e r  d iode  
output  i s  then made t o  i l l u m i n a t e  t h e  gate r e g i o n  
o f  t h e  HEMT. The RF s i g n a l  ( 9  GHz) i s  e l e c t r i -  
c a l l y  coupled t o  t h e  qate te rm ina l .  
I F  s i g n a l  ( 3  GHz) as seen on a spectrum analyzer  
i s  shown i n  F ig .  9 (b ) .  
The r e s u l t i n g  
Conclusions 
The paper presents  f o r  t h e  f i r s t  t ime  exten- 
s i v e  experimental r e s u l t s  which show t h e  s e n s i t i v -  
i t y  t o  o p t i c a l  i l l u m i n a t i o n .  The l i g h t  induced 
vo l tage  and as a consequence t h e  changes i n ,  t h e  
d r a i n  t o  source cu r ren t ,  t h e  i n t r i n s i c  transcon- 
ductance, t h e  s c a t t e r i n g  parameters, and t h e  g a i n  
o f  an AlGaAs/GaAs HEMT have been measured. The 
l i q h t  induced vo l tage  f o r  a HEMT i s  observed t o  b e  
0.57 V and 0.24 V f o r  MESFET a t  0.83 wm wavelength. 
The h ighe r  V l i t  f o r  HEMT i s  a t t r i b u t e d  t o  t h e  
h i g h e r  increase i n  h o l e  concen t ra t i on  bp main1 
due t o  t h e  absorpt ion th ickness d, (see Eq. 1 ) .  
Fur ther ,  from t h e  de-embeddded HEMT s c a t t e r i n q  
Y 
2 
parameters t h e  changes i n  t h e  equ iva len t  c i r c u i t  
element values due t o  o p t i c a l  i l l u m i n a t i o n  are also 
computed. 
t h e  gate and a l s o  t h e  d r a i n  capacitances and a 
decrease i n  t h e  gate charg ing and a l s o  t h e  channel 
res is tances.  
ft, fmax and t h e  noise f i g u r e  i s  be ing f u r t h e r  
i nves t i ga ted .  
mental r e s u l t s  o r  GaAs MESFETs have a l so  been pre- 
sented f o r  comparison. 
i l l u m i n a t e d  by an AlGaAs/GaA: l a s e r  diode. 
f e a t u r e  f u r t h e r  enhances t h e  a t t r a c t i v e n e s s  o f  the 
above experiments, s ince  i t  leads t o  t h e  p o s s i b i l -  
i t y  o f  i n t e g r a t i n g  a HEMT and a l a s e r  d iode on a 
s i n g l e  M M I C  c h i p  t o  per form m u l t i p l e  c i r c u i t  func- 
t i o n s  o p t i c a l l y ,  such as, switching, a m p l i f i e r  
g a i n  c o n t r o l ,  phase s h i f t i n g ,  and mixing. Such an 
i n t e g r a t i o n ,  when f u l l y  accomplished n o t  o n l y  
promises improved MMIC c i r c u i t  performance, b u t  
a l s o  v a s t l y  s i m p l i f i e s  t h e  s i g n a l  d i s t r i b u t i o n  and 
beam s t e e r i n g  i n  f u t u r e  phased a r r a y  antenna. 
F i n a l l y ,  t h r e e  novel a p p l i c a t i o n s  o f  an o p t i -  
c a l l y  i l l u m i n a t e d  HEMT as a v a r i a b l e  ga in  ampli- 
f i e r ,  h i g h  frequency photo detector ,  and mixer  are 
demonstrated. 
These computations show an increase i n  
The e f f e c t  o f  these changes on t h e  
I n  a d d i t i o n  t o  t h e  above, exper i -  
I n  these experiments t h e  HEMT i s  o p t i c a l l y  
T h i s  
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FIGURE 1. - BLOCK SCHEMATIC OF THE EXPERIMENTAL SETUP. 
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FIGURE 4 .  - MEASURED 9, VERSUS Vgs FOR GAAS MESFET 
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FIGURE 6 .  - MEASURED S-PARAMETERS FOR ALGAAS/ 
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(B)  S21 M G N I T U M  WITH 
OPTICAL ILLUMINATION. 
START 0.045 GHz 
STOP 26.500 GHz 
(C) S21 PHASE WITHOUT (D)  S21 PHASE WITH OPTICAL 
6 T  ICAL ILLUMINATION. ILLUMINATION. 
FIGURE 8. - NEASURED S21 FMI ALGAAs/GAAs HEMT. 
CENTER 3.000 GHZ 
SPAN 10 MHz 
CENTER 6.000 GHZ 
SPAN 10.0 MHZ 
( A )  DETECTED 6 GHZ SIGNAL. ( B )  3 GHz I F  SIGNAL. 
FIGURE 9 .  
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